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Gene expression analysis
All the gene expression analyses were done with the software dChip (1). The Oct4-sorted series contains 16 samples, eight Oct4-high samples (ES1, ES2, ES3, 2D+1, 2D+2, 4D+1, 8D+1, 8D+2) and eight Oct4-low samples (2D−1, 2D−2, 4D−1, 4D−2, 8D−1, 15D−1, 15D−2). We first calculated gene expression indices using the default setting of dChip from these 16 samples (see Supplementary Dataset 1 for the expression profiles of our Oct4-sorted series). The array data were normalized by the invariant set method implemented in dChip. Then we did two-sample comparison between the Oct4-high samples and the Oct4-low samples. More specifically, for each probe set, we calculated the ratio (fold change) R of its average expression index in the Oct4-high samples over that in the Oct4-low samples, and computed its p-value p for the statistical significance of the average difference based on the t-distribution. Both computations were performed by dChip. More specifically, the t-statistic is computed as
where i x (i = 1,2) is the sample mean in each group and se stands for its standard error. The pvalue is computed based on the t-distribution with the degree of freedom set according to Welch modified two-sample t-test (see S-PLUS t.test function). We define Oct4-sorted+ probe sets as the ones with R > 2 and p < 0.05, and Oct4-sorted− probe sets as the ones with 1/R > 2 and p < 0.05. Following these criteria, dChip identified 2359 Oct4-sorted+ probe sets and 2784 Oct4-sorted− probe sets. Since there are 45,000 probe sets on the Affymetrix Mouse 430 V2 array, the false discovery rate for these Oct4± probe sets is estimated to be 45000×0.05/(2359+2784)=0.44. These Oct4-sorted+ and Oct4-sorted− probe sets map to 1325 and 1440 unique Refseq genes, respectively (Supplementary Datasets 2 and 3).
The Oct4-RNAi series and RA-induction series were defined based on the published data from Ivanova et al. (2) . For the Oct4-RNAi series, we calculated for each probe set the average expression index in the Oct3/4-specific shRNA treated samples on day 0 through day 7, and compared it with its average expression index in the reference vector H1P treated samples during the same time window, to obtain the expression ratio R (fold change) and p-value p by twosample comparison. The probe sets with R > 5 and p < 0.05 are defined as Oct4-Ri+, and those with 1/R > 5 and p < 0.05 are defined as Oct4-Ri−. We identified 825 and 1034 Oct4-Ri+ and Oct4-Ri− probe sets (Supplementary Datasets 4 and 5), which were mapped to 549 and 752 unique refseq genes, respectively. Here we used 5 fold change as the selection criterion, because with this threshold the enrichment levels of the overlaps between the Oct4-Ri genes and the Oct4/Nanog bound genes (Supplementary Figure 5 A and B) are about the same as those of the Oct4-sorted gene sets defined by 2 fold change ( Figure 2 A and B) .
The RA-induction series measures gene expression of ES cells on day 0 through day 6 after being treated by retinoic acid with LIF (leukemia inhibitor factor) removed. In order to identify genes showing dramatic change during this time course, we compared the expression index on day 4 to 6 with that on day 0. We computed the ratio (fold change) R and difference D of the average expression level on day 4 to 6 over that on day 0. Since we only have one sample from day 0, we were not able to use any p-value to select genes. Thus we replaced it by the expression difference D as a complementary selection criterion. In addition, since the sample size of this comparison is much smaller (3 samples in one group and 1 sample in the other), we decided to use more stringent cutoff for the fold change than what we used for the Oct4-sorted series. Consequently, we define RA+ probe sets as those with R > 5 and D > 200, and RA− probe sets as the ones with 1/R > 3 and D < −200, which produced 1412 and 751 probe sets, respectively (Supplementary Datasets 6 and 7). Similarly, we mapped these probe sets to 756 and 482 unique refseq genes, respectively.
Association of ChIP-regions with target genes
Our analyses involve three sets of binding data based on the ChIP-PET for Oct4 and Nanog (3) and the ChIP-chip for Phc1 (4) . For each binding region of these data sets, if it is located in the [−5k, +5k] of the TSS (transcription start site) of any refseq gene, we regard the refseq gene(s) as the target gene(s) of this binding region. If no refseq gene satisfies this condition, we associate the region with the refseq gene whose TSS is the nearest to the region given that the distance is < 100 kbp. The refseq gene targets of the Oct4-bound, the Nanog-bound, and the Phc1-bound regions are given respectively in Supplementary Datasets 8, 9, and 10.
De novo motif finding
We applied CisModule (5) with K =1 and motif mode for de novo motif discovery in the above three sets of ChIP-bound regions. We identified an Oct4-Sox2 composite motif consistently from the Oct4-bound regions. Using a threshold of 0.8 for the posterior site probability, CisModule output ~250 Oct4-Sox2 sites, of which 52 are located in the Oct4-bound activator regions. We did not discover any convincing motifs from either the Nanog-or the Phc1-bound regions.
Statistical significance of gene set overlaps
The statistical significance of the overlaps between various gene sets is calculated based on the hypergeometric distribution. More specifically, given a total of N genes, if gene sets A and B contain m and n genes, respectively, and k of them are in common, then the p-value of enrichment is calculated by
In the case where the overlaps turn out to be depleted, such as the overlap between Oct4-sorted+ and Phc1-bound genes ( Figure 2C in the main text) , the p-value is calculated by
The numerical computation of these p-values can be performed by any statistical software, such as S-PLUS or R. The enrichment level of the overlap is calculated by R = kN/(mn).
Compiling motif matrices
We compiled 24 motif matrices as reported in Supplementary Table 2 . Among them, 18 were extracted from the database TRANSFAC (6) with identifier numbers of the matrices given in the table. The remaining motifs were constructed based on the literature: Sox2 (7), Nanog (8), RBP-J (9), and LRH1 (10). The Otx2 motif was built by seven reported binding sites in TRANSFAC with a consensus TAATCC, which matches very well with the known bicoid motif in Drosophila (11) . This is consistent with the fact that Otx2 is a bicoid-class homeodomain TF. Based on six species alignment of the CR4C region in the Oct4 enhancer reported to be bound by Sall4 (12), we identified a putative motif GGGGAGGGGYC. We then scanned the 22 sequence regions reported to be bound by Sall4 (13) , and found that this motifs is significantly enriched (p=5×10 −4 ). Thus we hypothesized this motif to be Sall4-related, and included it as a provisional Sall4 motif.
Identification of significant motifs
This section gives the detailed procedure we have used to identify motifs that are significantly enriched in a set of sequences with given matrices in Supplementary Table 2 .
Suppose the position-specific frequency matrix for a motif is M and the motif width is w. Given a sequence S of length L, we estimate local first-order Markov models with window size l as its background model b. More specifically, for any nucleotide
to estimate the transition matrix of a local Markov background model. This model takes into account the heterogeneous structure of genomic sequences, and it was shown to be more specific in detecting TF binding sites (14) . In our computation, the default value of l is 600 bps. A phastCons conservation score (15) between 0 and 1 from UCSC genome center is attached to each nucleotide, and we denote these scores by i C
, we calculate its probability ratio of the motif matrix model over the background model,
and its average conservation score
. Please note that both strands of S are considered in our computation.
For the selected ChIP-regions, namely, the Oct4/Nanog-bound activator regions and the Phc1-bound repressor regions, we scan the regions and identify w-mers with r > 1000 as predicted sites. Suppose we have predicted N sites from such a region set. We evaluate the statistical significance of the number of predicted sites by comparing it to the expected number estimated from random control sequences. We obtain the control sequences by sampling regions from the [−10k, +5k] of the TSS of a large number of randomly selected genes. The regions are sampled according to the empirical distribution of the locations of the ChIP-regions relative to their associated target genes. More specifically, we built an empirical distribution of the start locations of the ChIP-regions given that they are within [−10k, +5k] of the TSS of their target genes. Then we draw the start location of a control sequence with probability proportional to the constructed empirical distributions and extract sequence with the average length of the ChIP-regions (~1.5 kb for both the Oct4/Nanog-bound regions). We repeat this sampling procedure enough times to ensure that the size of the control set is much larger (more than 100 times) than that of the ChIP-regions.
Then we apply exactly the same motif screening procedure to the control set, to obtain the number of predicted sites, from which we estimate the expected number of sites, denoted by  , in a random sequence set of the same size as the region set of interest. The p-value of our predicted sites is approximated by
where ) ( Poiss denotes the Poisson distribution with rate  . We define the enrichment level R as N/  . We utilize two thresholds for the site enrichment test as described in the main text. Any motif with p-value < 0.005 is regarded as significant. For those with a p-value between 0.005 and 0.02, we further consider its scanned sites in the top 20% conserved fragments of each region in terms of phastCons conservation scores (15) . The reason why we use quantile threshold for conservation is to avoid the potential bias in site prediction towards more conserved genes which usually have more conserved regulatory regions. Given that the average length of the Oct4/Nanog-bound regions is around 1.5 kb, our initial rationale for using the top 20% conserved regions was due to our prior expectation that the length of a cis-regulatory module is around 300 bps, which are more likely to be located in the most conserved regions (300/1500 = 20%). Furthermore, we did the following comparison to see whether our motif selection is sensitive to the conservation threshold. We repeated exactly the same motif scan in the top 10% conservation regions of the Oct4-activator regions and their control regions. As described in the main text, we used conservation filtering to determine whether we should include the three motifs (Sox2, Stat3 and Sall4) with marginal p-values (2 fold around 0.01). It turned out that, in the top 10% conserved regions, the enrichment levels of Sox2 (R=1.76) and Stat3 (R=1.86) were almost identical to the enrichment in the top 20% conserved regions (see Table 1 column A). Although the enrichment level of Sall4 decreased to R=1.0, we want to note that with the top 10% regions, we only obtained 6 predicted sites for Sall4 from the Oct4-activator regions. Thus the enrichment computation may be unstable for this motif. In addition, the enrichment levels for the other four selected motifs Oct4 (R=4.0), Esrrb (R=2.4), LRH-1 (R=1.7) and Otx2 (R=1.6) in top 10% conserved regions were also very consistent with what we observed in Table 1 . We did the same comparison for the Nanog-activator bound regions, and again no obvious discrepancy was observed when using 10% as conservation threshold. Thus we were confirmed with our initial choice of the threshold for conservation filtering.
For the upstream [-10k, +5k] of the Phc1-bound ESC-repressed genes, we only scan the top 20% conserved regions and identify motif sites with the probability ratio r > 1000. The control set used for the Poisson p-value calculation (2) is constructed by the [-10kb, +5kb] of 5,000 randomly chosen genes. We use a p-value cutoff of 0.01.
The p-values and site enrichment levels of the 24 motifs in the Oct4/Nanog-bound activator regions, the Phc1-bound repressed regions, and the Phc1-upstream regions are given in Supplementary Table 3 .
Comparing with THEME in motif identification
We applied two types of motif identification methods to the ChIP-chip data in our analysis, de novo motif finding and motif scan by compiled matrices. We conducted a comparison of these methods with a published approach THEME (16) which was developed for identifying transcription factor binding motifs from ChIP-chip data. THEME was tested on the Oct4 ChIPchip data in human ES cells (17) . As reported in Table 1 of Maclsaac et al. (16) , THEME identified the Oct4 motif with an inter-motif distance of 0.09. The inter-motif distance of two motif matrices a and b was defined in Ref. (18),
, where w is the motif width, and a i,j and b i,j are the estimated probabilities of observing base j at position i of motifs a and b, respectively. As a comparison, we applied both our de novo motif discovery method as described in supplementary note 3 and the motif scan approach to the same human ES Oct4 data (17) . It turned that our de novo method unambiguously recovered the Sox-Oct composite motif in this Oct4 ChIP-chip dataset, and the inter-motif distance between our predicted Oct-part of the composite motif and the known TRANSFAC Oct4 matrix (Supplementary Table 2 ) was 0.008. When scanning the human Oct4 ChIP-chip regions by the 24 compiled motifs and compared with constructed human control sequences, as what we did in the mouse ChIP-chip data, the Oct4 motif came at the top of the list with p-value = 2×10 -34 , R=2.2. The second significant one is the Sox2 motif (p=6×10 -4 , R=1.2). We then constructed a scanned Oct4 motif from the scanned Oct4 sites, and the inter-motif distance to the known Oct4 matrix (Supplementary Table 2 ) was 0.005. Thus in both de novo finding and motif scanning, our approach showed competitive performance in terms of motif identification as compared to THEME.
Estimation of the overall site-enrichment of target genes
The motif-scan analyses predicted a good number of target genes that are expressed or repressed in mouse ESCs and various types of cis-regulatory modules (combination of different motif sites) that mediate such transcriptional regulation (Supplementary Tables 6-9 ). We discuss in detail how we rank these target genes by estimating their individual significance levels. We start with our analysis of the Oct4-bound activator regions, which is similar to the analyses of the Nanogbound activator and the Phc1-bound repressed regions. Given our selection of motifs significantly enriched in the Oct4-bound activator regions, i.e., Oct4, Sox2, Stat3, Esrrb, Sall4, Nr5a2 and Otx2, we combine multiple regions associated with the same gene to obtain the total number of scanned sites and the total length of the Oct4-bound regions for this gene. These numbers are then used to estimate the p-value for the overall site-enrichment of this gene. However, some bias has been introduced into the number of scanned sites due to the motif selection process. Thus, we used the following approach based on leave-one-out cross validation to adjust this bias. Suppose we have n regions in the motif significance tests. Each time we re-do the same tests on 
which measures the degree of bias due to motif selection. For a target gene of the Oct4-bound activator regions with N scanned sites in total, we define its adjusted number of scanned sites by N/α. We then estimate the overall rate of site occurrence from the control set for these regions, to compute the expected number of scanned sites for the target gene given the total length of its associated ChIP-regions. Then a Poisson p-value is calculated similarly by equation (2) for the adjusted number of sites.
For the upstream-scan of the Phc1-repressed genes, where only the conserved regions are considered, we did one more filtering step to generate cis-regulatory modules of selected motifs. For each scanned motif site, we check whether there exists another scanned site for any of these motifs in its 300-bp-neighborhood such that these two sites do not overlap more than 20% of their respective nucleotides. This non-overlap requirement is to avoid including undesired cooccurrence of sites due to partial similarity between different motifs which would cause substantial overlapping sites. Scanned motif sites which satisfy this co-occurrence condition are kept. Since for this part of computation, we are not restricted to any ChIP-bound regions. The conservation scan and co-occurrence filtering, which are more stringent than marginal scan as used for the bound regions, are utilized to enhance the specificity of our prediction. Then we calculate the adjusted total number of predicted sites for each gene by the same adjustment procedure as in equation (3), based on which we compute the Poisson p-value.
Combining ChIP-intensity and site enrichment for target genes
The intensities of the ChIP-regions associated with a gene represent another source of evidence for assessing whether it is likely to be a target gene of our network. Each of the Oct4/Nanogbound activator regions has a ChIP-intensity index, namely, the number of the TF-bound fragments aligned to the region (3). We use the sum of the indices of the ChIP-regions associated with the same gene as the ChIP-intensity index for the gene. An empirical distribution for the ChIP-intensity indices is computed using all the ~17800 refseq genes. Then, for any given gene with ChIP-intensity index of x, we define its ChIP p-value as the probability under this empirical distribution for a gene to have a ChIP-intensity index greater than or equal to x. For the Phc1-bound regions, we follow a similar procedure except that the length of the bound regions is used as the ChIP-intensity index (4). We define a conservative p-value for a gene by combining two types of statistical evidence-its ChIP-intensity index and the site enrichment on its associated ChIP regions. For example, Mycn has a higher than expected number of ChIP-PET sequences in the associated Oct4-bound regions (ChIP p-value p 1 =0.0024), and a higher than expected number of sites detected per 1000 bp in these regions for the seven relevant motifs (Poisson p-value p 2 =0.0069). These two types of statistical evidence are independent in nature, so in principle we can combine the p-values by taking their product. Here, however, we have chosen to combine them in a more conservative manner by taking the geometric mean of their product and their minimum, i.e., ) , min(
, which yields a p-value p=2×10 -4 for Mycn. The putative target genes are ranked according to this p-value, separately for genes associated with Oct4/Nanog-bound activator regions and Phc1-bound regions (Supplementary Tables 6-9 , respectively). Supplementary Table 5 presents the highest ranking genes (satisfying p<0.001) from the two activator lists, and for each of them, the set of core factors that might regulate it.
